Abstract. Purpose: To compare thickness measurements between Fourier-domain optical coherence tomography (FD-OCT) and time-domain OCT images analyzed with a custom-built OCT retinal image analysis software (OCTRIMA). Methods: Macular mapping (MM) by StratusOCT and MM5 and MM6 scanning protocols by an RTVue-100 FD-OCT device are performed on 11 subjects with no retinal pathology. Retinal thickness (RT) and the thickness of the ganglion cell complex (GCC) obtained with the MM6 protocol are compared for each early treatment diabetic retinopathy study (ETDRS)-like region with corresponding results obtained with OCTRIMA. RT results are compared by analysis of variance with Dunnett post hoc test, while GCC results are compared by paired t-test. Results: A high correlation is obtained for the RT between OCTRIMA and MM5 and MM6 protocols. In all regions, the StratusOCT provide the lowest RT values (mean difference 43 ± 8 μm compared to OCTRIMA, and 42 ± 14 μm compared to RTVue MM6). All RTVue GCC measurements were significantly thicker (mean difference between 6 and 12 μm) than the GCC measurements of OCTRIMA. Conclusion: High correspondence of RT measurements is obtained not only for RT but also for the segmentation of intraretinal layers between FD-OCT and StratusOCT-derived OCTRIMA analysis. However, a correction factor is required to compensate for OCT-specific differences to make measurements more comparable to any available OCT device. C 2011 Society of
Introduction
Optical coherence tomography (OCT) is a noninvasive, noncontact diagnostic tool that provides cross-sectional imaging of the human eye in vivo. 1 Currently, the system in most widespread use is the third-generation time-domain (TD) StratusOCT (Carl Zeiss Meditec, Inc., Dublin, California), which has an axial resolution of 10 μm. 2 Recently, the development of Fourier-domain OCT (FD-OCT) provides an imaging speed that is ∼60 times faster and a resolution that is up to five times higher compared to TD-OCT. [3] [4] [5] [6] Many instruments from different manufacturers are now commercially available that incorporate FD-OCT technology, one of them being RTVue-100 FD-OCT (Optovue Inc., Fremont, California), which has an axial resolution of 5 μm. 2 This device is able to measure total retinal thickness (RT) along with the thickness of the ganglion cell complex (GCC) in the macular area, the latter comprising the retinal nerve fiber layer, ganglion cell layer, and inner plexiform layer.
It is well known that StratusOCT algorithms are prone to segmentation errors and cannot provide quantitative information on intraretinal layers. [7] [8] [9] [10] [11] As a result, potentially useful information is not extracted by StratusOCT. In an effort to provide additional retinal quantifications along with accurate automatic/semiautomatic detection, we analyzed the StratusOCT images with a software tool for OCT retinal image analysis (OCTRIMA), which is an interactive, user-friendly standalone application for analyzing StratusOCT retinal images. The OCTRIMA software integrates a novel denoising and edgeenhancement technique along with a segmentation algorithm developed by Cabrera Fernández et al. 12 Moreover, OCTRIMA is able to minimize segmentation errors, give quantitative information of intraretinal structures, and also facilitates the analysis of other retinal features that may be of diagnostic and prognostic value, such as morphology and reflectivity. 13 The OCTRIMA software enables the segmentation of seven cellular layers of the retina on OCT images based on their optical densities: the retinal nerve fiber layer, the ganglion cell and inner plexiform layer complex, the inner nuclear layer, the outer plexiform layer, the outer nuclear layer, the inner-outer photoreceptor junction (IS/OS), and retinal pigment epithelium (RPE). We have previously shown a high reliability and reproducibility of OCTRIMA software using StratusOCT data from normal healthy eyes. 14, 15 It is noteworthy that patients with dense cataract or retinal disease may have problems fixating, making it difficult to record high-quality OCT images for further analysis. As a matter of fact, one of the disadvantages of TD over FD-OCT is the potential occurrence of decentration artifacts, 8 which are common in StratusOCT images in elderly patients 8 because of the poor fixation cooperation. Thus, taking into account that image quality could be affected by media opacities, 16, 17 it is important to consider the effect of dense optical media, such as cataracts, on thickness measurements and segmentation performance when comparing OCT data.
The main purpose of the present study is to compare RT and GCC thickness measurement calculations and segmentation performance between RTVue FD-OCT and OCTRIMA segmentation analysis derived from StratusOCT images. We also compare RT measurements between StratusOCT and RTVue, and StratusOCT and OCTRIMA. In addition, we review currently available data about the difference in RT measurements of commercially available FD-OCT devices.
Patients and Methods
A total of 11 eyes from 11 subjects (nine women and two men) were included in this study. Taking into consideration that image quality could be affected by media opacities, 16, 17 we included elderly subjects each of whom underwent uneventful phacoemulsification surgery with posterior chamber lens implantation 6-12 months prior to enrollment. The mean patient age was 70 ± 7 years (range, 65-88 years). Elderly subjects were included to provide a more realistic setting for the comparability of the measurements as opposed to young individuals. The time elapsed from surgery was six months to one year, there were no posterior capsule opacities, all subjects were implanted with the same PMMA lens, had best-corrected Snellen visual acuity 1.0, and the signal strength of the OCT images was also excellent. Thus, the effect of the posterior lens capsule opacification on the OCT scan, which consists primarily of a loss of signal and, consequently, of intraretinal detail, was not in place for any of the patients included in our study. Table 1 shows the   Table 1 Inclusion and exclusion criteria for all participants and the clinical examinations performed.
Inculsion criteria

Best-corrected Snellen visual acuity of 20/20
Preoperative spherical and cylindrical correction within ± 3.0 diopters (D)
Exclusion criteria
The presence of any retinal disease including glaucoma
The presence of systemic diseases except for controlled hypertension
Clinical examinations
Best corrected visual acuity (BCVA) Assessment of intraocular pressure (IOP) Slit lamp biomicroscopy Binocular ophthalmoscopy after pupil dilatation inclusion and exclusion criteria for all participants along with the clinical examinations performed. All subjects were treated in accordance with the tenets of the Declaration of Helsinki. Informed consent was obtained from all participants in this study.
StratusOCT and RTVue examinations were performed on each eye by the same examiner and with intervals of ∼10 min. StratusOCT measurements were performed using the macular thickness map (MTM) protocol. This protocol consists of six radial scan lines centered on the fovea, each having a 6-mm transverse length. In order to obtain the best image quality, focusing and optimization settings were controlled and scans were accepted only if the signal strength (SS) was >6 (preferably 9-10).
11 Scans with foveal decentration [i.e., with centerpoint thickness standard deviation (SD) > 10%] were repeated. The mean SD percentage of the center-point thickness was 4.96 ± 2.58% for all scans that were accepted. StratusOCT raw data were exported and analyzed using OCTRIMA. Segmentation errors were manually corrected using the manual correction tool provided by OCTRIMA. MM5 and MM6 protocols were performed for RTVue measurements. MM5 protocol consists of a dense (5 × 5)-mm grid of linear scans around the macula. MM6 protocol consists of 12 radial lines centered on the fovea with a 6-mm transverse length, similar to the Stratus MTM protocol. According to the Advanced Imaging for Glaucoma Study recommendations, RTVue scans with a signal strength index (SSI) ≥45 (range: 48.9-82.7) were considered. 18 It is worth mentioning that the StratusOCT system images the outer retinal layers (RPE-photoreceptor complex) as two hyperreflective bands: (i) the photoreceptor IS and (ii) the RPE. 19, 20 The segmentation software of the StratusOCT system uses the anterior border of the first or innermost hyperreflective band as the border of the outer retina for calculating total RT. 21 OCTRIMA calculates total RT as the distance between the vitreoretinal interface (ILM) and the anterior boundary of the second hyperreflective band corresponding to the OS/RPE junction. On the other hand, RT measurements of RTVue are taken between the ILM and the edge defined by the mean value of the maximum reflectance of the RPE in order to avoid detection errors at the RPE's outer border (personal information from the manufacturer, Optovue Inc., Fremont, California).
RT measured by StratusOCT, MM5 and MM6 protocols was compared for each of the nine early treatment diabetic retinopathy study (ETDRS) subfields with corresponding OCTRIMA results by analysis of variance (ANOVA) followed by Dunnet post hoc test with comparisons made to OCTRIMA results. The exact location of regions R1-9 is described in detail in Table 2 . 22 Because the MM5 protocol uses a scan length of 5 mm, only the foveal and pericentral regional (R1-R5) data were used in the analyses. Paired t-test was performed to compare the thickness of the GCC measured by RTVue using the MM6 protocol and OCTRIMA with the exclusion of R1 because ganglion cells are not present in the area of the foveal pit. The correlations between the methods were calculated using Pearson correlation coefficients. Because the sampling is different at each ETDRS region, due to different radial spoke patterns used in the scanning protocols of Stratus and RTVue (MM6 protocol), a weighted mean thickness (WMT) was calculated instead of averaging RT results in the nine ETDRS regions. 23 The WMT represents an interpolated weighted average for all protocols. For each eye, WMT Table 2 Retinal thickness values in each ETDRS subfield by each software and the differences between the measurements. Data are presented as mean ± SD (in micrometers). SD: standard deviation. WMT: weighted mean thickness.
Mean regional thickness
Mean difference of regional thickness was generated using the following:
Bland-Altman plots were constructed to assess agreement in WMT calculations. The systematic bias between RTVue and StratusOCT's WMT calculations was analyzed by fitting a linear regression for the difference of the two OCT techniques versus the average of the two WMT values. The corresponding 95% confidence interval (CI) of the mean difference and the slope of the Bland-Altman regression line were calculated in order to assess whether the differences between the two OCT techniques were statistically significant. Statistical analyses were performed using Statistica 8.0 Software (Statsoft Inc., Tulsa, Oklahoma). The level of significance was set at 5%.
Results
A high correlation was observed for regional RT when comparing OCTRIMA to RTVue MM5 and MM6 protocols (Pearson correlation coefficients range: 0.93-0.97 and 0.82-0.94, respectively, data not shown). Similarly, a high correlation was obtained for the regional GCC measurements when comparing OCTRIMA to RTVue MM6 protocol (Pearson correlation coefficients range: 0.73-0.88, data not shown). ANOVA followed by Dunnett post hoc test showed no significant differences in regional thickness measurements by the MM6 protocol between OCTRIMA and RTVue except for ETDRS regions R6 and R7. The mean difference in RT measurements between OCTRIMA, MM6 and MM5 protocols was <7 μm in each ETDRS region except for R1, R6, and R7 (see Table 2 ). OCTRIMA produced significantly thicker measurements for R6 and R7. In the case of the GCC thickness measurements, the mean difference range was from 6.3 to 12.4 μm (see Table 3 ). GCC measurements were significantly thicker for the MM6 protocol, except for R6 and R7 where OCTRIMA produced thicker results.
Bland-Altman plots for the WMT difference between OCTRIMA and RTVue MM6 protocol and the average total RT between OCTRIMA and RTVue MM5 protocol are shown in Fig. 1 . The difference in weighted mean GCC thickness between OCTRIMA and RTVue MM6 protocols are also shown in Fig. 1 . The intercept of the Bland-Altman regression line corresponds to the mean difference between the two methods at zero thickness. This metric is not plausible; thus instead of intercepts, Table 4 shows the statistically equivalent difference between the observed means. As Table 4 shows, the MM6 protocol gives a significantly smaller WMT than OCTRIMA, whereas MM5 gives significantly thicker results. The difference is at the level of the axial resolution of FD-OCT in both cases and corresponds to <2% of mean RT, which is not clinically significant. There was no statistical difference for WMT results obtained for the GCC. However, it should be noted that the slope computation gave a significant result for the Bland-Altman plot of the GCC measurements. This particular result indicates that the RTVue algorithm overestimates low thickness values and underestimates high GCC thickness values compared to the OCTRIMA algorithm. The average GCC thickness difference between the Table 4 Comparative Bland-Altman analysis of OCTRIMA and RTVue measurements. The slope measure is the slope of the linear regression fitted to the Bland-Altman transformed data (see Fig. 1 
Discussion
Our results have shown good correlation between the total RT and GCC thickness measurement calculations of RTVue FD-OCT and OCTRIMA. On the other hand, both RTVue MM6 protocol and OCTRIMA measured significantly higher total RT values than StratusOCT. In our study, the RTVue's MM6 protocol was found to measure the retina 42 ± 14 μm thicker compared to StratusOCT algorithm's results. Furthermore, we found a 43 ± 8 μm mean difference between total RT values measured by OCTRIMA derived from StratusOCT images. These comparable results are due to similar boundary detections because the RT on RTVue images is calculated between the ILM and the edge defined by the mean value of the maximum reflectance of the RPE (see Fig. 2 ) and OCTRIMA measures total RT as the distance between the ILM and the inner border of the OS/RPE junction (defined as "true retinal thickness" by Hee 24 ) (see Fig. 2 ). On the contrary, the algorithm of StratusOCT uses the anterior border of the innermost hyperreflective band as the border of the outer retina for calculating total RT. 21, 25 Recent studies have shown that currently available FD-OCT devices are all giving significantly higher RT measurements than StratusOCT because of different assumptions considered for the detection of the outer retinal boundary, making the comparison of data obtained by different devices difficult (see Table 5 ). These differences also hinder the adequate evaluation of the performance of FD-OCT to detect the progression of disease.
The good correlation that was observed in our study emphasizes the capability of comparable retinal measurements by FD-OCT and StratusOCT-derived segmentation using the OCTRIMA software. As a potential weakness, our study did not include eyes with macular pathology (e.g., with macular edema or chorioretinal disorders), where the larger sampling density of FD-OCT could have played a better role in obtaining more precise measurements. However, we believe that our results can still be of value when assessing macular alterations with mild and roughly generalized macular changes, like those observed in glaucoma, neurodegenerative diseases, or inherited macular disorders, where in early phases macular structure may seemingly be unaffected. [26] [27] [28] [29] Nonetheless, future studies will explore the capability of OCTRIMA for OCT images showing macular alterations.
Bland-Altman plots showed that the weighted mean total RT measured by OCTRIMA is, on average, 5 μm higher than that measured by RTVue using the MM6 protocol and is, on average, 5 μm lower than that measured by RTVue using the MM5 protocol, which both are below the axial resolution of the devices (see Fig. 1 ). The explanation for the comparable differences might be that the location of the mean value of the maximum reflectance of the RPE calculated by RTVue and used to define the outer border of the retina is closely located to the inner border of the OS/RPE junction. Therefore, since slope computations for the plots gave no significant alteration form zero, the small differences between the two methods used to calculate total RT measurements in RTVue and OCTRIMA are hardly distinguishable and not biased by the methodology used in the analysis. Correspondingly, high correlations for the regional RT measurements were obtained when these measurements were compared between OCTRIMA and RTVue using MM5 and MM6 protocols. It should be noted that RT measurements obtained in R1 by the MM5 and MM6 protocols of RTVue were approximately 12-14 μm higher than measurements obtained with OCTRIMA, however not reaching a statistical difference. The reason for this difference is not clear because both StratusOCT and RTVue scans were carefully centered; therefore, the difference is unlikely to have been caused by decentration artifacts. However, differences in axial resolution and calibration techniques might contribute to thickness measurement differences. Besides, mean RT values were generated with different scan protocols with the sampling density being higher by the RTVue MM6 protocol (12 radial scans) compared to StratusOCT (six radial scans), which might also contribute to the difference between the thickness measurements in R1.
Despite the high correlation of RT measurements, the RTVue results obtained with the MM6 protocol in regions R6 and R7 produced significantly thinner results than OCTRIMA, by approximately 18-25 μm. A possible error source could have been the incorrect scanning distance and the resultant changes of the incident scanning beams when using the RTVue OCT device. Therefore, a study was performed by our group to assess the effect of wrong distance scanning on boundary detection errors on the periphery of the RTVue scans and the resultant errors on the thickness measurements. 30 Briefly, 10 eyes of 10 healthy subjects were examined with the same RTVue OCT device using the MM5 protocol in two sessions to scan the macula. First, the device was set at 3.5 cm from the eye in order to obtain detectable signal with low fundus image quality ("bad" scan distance setting), whereas in the second session a distance of ∼2.5 cm was set with a good quality fundus image ("good" scan distance setting). The score for inner and outer retinal boundary detection errors was calculated for five vertical and five horizontal selected scans of the MM5 grid protocol from each eye for both settings. The SSI was found to be significantly higher with "good" scan distance settings compared to "bad" scan distance settings. However, the number of retinal boundary detection errors in the central and peripheral regions and also the regional thickness measurements did not differ significantly between the two settings. Thus, we do not think that the differences in R6 and R7 were due to low SS in the peripheral regions or incorrect boundary detection. Accordingly, a possible explanation for the thickness differences could be related to a combination of different data sampling, instrumentation and light beam directionality (i.e., different incidence angle of the scanning beam in the upper and nasal region when scanning same eyes with different devices).
Interestingly, similar results were found by Huang et al. when comparing regional thickness measurements between StratusOCT and RTVue OCT. 31 They found that RTVue produced significantly higher RT measurements in each ETDRS region except for R8, where the difference was not significant, and R7 where StratusOCT produced thicker measurements than RTVue (as in our study). However, no explanation was provided for these differences. Particularly, R7 in the report by Huang et al. 31 should be thinner when measured with Stratus OCT because the outer retinal border in Stratus is assumed to be anteriorly located compared to the assumption in RTVue (which is at the level of the OS/RPE junction). Therefore, contradictory results are in place for these particular regions when using the RTvue as reported by Huang et al. 31 and our group. Taking into consideration that the anatomical properties of the macular regions in the periphery have been previously described as being thicker in the nasal than in the temporal macular area, 22 we suppose that thickness values measured by the RTVue device should have been higher in R6 and R7.
It is also of great interest that the software of the RTVue device enables the segmentation of the GCC in the macula, which might facilitate a more rigorous glaucoma analysis. 32 Certainly, OCTRIMA is also able to extract the GCC; therefore, we also compared the potentialities of the two algorithms (Fig. 3) . A good correspondence between OCTRIMA and RTVue MM6 protocol was found; however, thickness values measured by the RTVue device were 6-10 μm higher in all but regions R6 and R7. Interestingly, GCC in subfields R6 and R7 was ∼12-μm thinner by the RTVue using the MM6 protocol, similarly to total RT values. This difference was less than that observed for the total RT; therefore, we assume it is not an isolated GCC or outer retinal boundary detection error. The above differences in GCC measurements should be carefully considered in clinical settings exploring eye diseases affecting the ganglion cells, such as glaucoma and neurodegenerative diseases. The small mean difference of 1 μm shown by the Bland-Altman plot of WMT results might be misleading because it could be due to the results in R6 and R7 influencing the calculation of the mean as the differences of the regions may outweigh each other. Also, the slope computation of the plot's linear regression showed a significant difference, which implies a thickness-dependent bias of the measurements; however, this bias is relatively small. Therefore, care must be taken when comparing GCC results from different OCT devices and further investigations are needed to better understand the background of these differences.
In summary, we found that measurements with the StratusOCT showed the lowest RT values, whereas measurements with the RTVue OCT and StratusOCT-derived images assessed by OCTRIMA yielded the highest ones. These discrepancies were based on differences in retinal segmentation algorithms, sampling data, and instrumentation. In addition, a high correspondence of RT measurements between FD-OCT and StratusOCT-derived images assessed by OCTRIMA was demonstrated. Despite the worse resolution of TD-OCT, we could achieve a high correspondence of retinal layer segmentation with FD-OCT in elderly subjects who are supposed to have bad fixation cooperation. Weighted mean total RT data were shown to have a high correlation, while regional differences might still exist. The measurements of the GCC should also be compared to care because there is a marked regional difference between OCTRIMA and RTVue using the MM6 protocol, which might be slightly biased by the thickness of the GCC layer. These differences were most probably based on differences in retinal segmentation algorithms, sampling, calibration, and axial resolution.
An agreement between ophthalmologists and developers is needed in order to standardize OCT RT measurements. However, the use of custom-built segmentation algorithms along with open-source image applications could also facilitate the transformation of data obtained by different devices. 33 In view of the higher price of FD-OCT systems and the use of TD-OCT worldwide, we believe our OCTRIMA software can be of substantial value in future studies of macular pathophysiology and might also perform well for FD-OCT images in the future.
